Abstract. Energy transfer between highly vibrationally excited CO molecules and low-energy electrons is studied using kinetic modeling. The results are compared with those of experimental measurements in optically pumped CO. The effect of vibrational energy transfer by electrons from the high towards the low vibrational levels of CO, previously observed in the experiments, is reproduced in calculations. The best agreement with the experiment is obtained for an electron concentration in the plasma of n e = 2 × 10 11 cm −3 , which is consistent with the previous measurements of the vibrationally stimulated ionization rate. The results of kinetic modelling calculations provide better insight into the kinetics of energy exchange between vibrationally excited molecules and electrons.
Introduction
The vibrational energy transfer between diatomic molecules and low-energy electrons in electron-molecule collisions AB(v) + e − (ε) ↔ AB − (v ) ↔ AB(w) + e − (ε + ε) (1) has been rather extensively studied before (see [1] [2] [3] and references therein). In equation (1), AB is a diatomic molecule, e − is an electron, AB − is the intermediate negative ion, v, v and w are vibrational quantum numbers and ε is the electron energy. The results of the Boltzmann equation solution for the electron energy distribution function (EEDF) for N 2 and CO plasmas [1] [2] [3] have shown that these 'superelastic' collisions greatly increase the number of electrons with higher energies. This effect also leads to a significant change in the electron energy balance and in the electron impact excitation rates. However, experimental measurements of the correlation between the molecular vibrational level population and the EEDF are still not available. To the best of our knowledge, the only direct evidence of such a correlation was obtained by measuring the CO vibrational distribution function (VDF) in a CO-Ar-He mixture optically pumped by a CO laser, with and without electrons present in the gas [4] . In this experiment, CO was vibrationally excited up to v 40 due to vibration-vibration (V-V) pumping [5] and the electrons in an optical cell containing the mixture were produced by the vibrationally stimulated ionization process
In equation (2) , E v is vibrational energy of the vth CO vibrational level and E ion (CO) is the ionization potential of CO. The electrons were removed from the cell, if necessary, by means of a Thomson discharge between two plane electrodes placed within the cell. We emphasize that ionization neither by laser beam nor by electric field was observed (both the beam power density and the applied voltage were typically very low). It is well known that, in a completely non-self-sustained Thomson discharge [6] , the electron concentration between the electrodes can be dramatically reduced (by up to several orders of magnitude) simply by increasing the discharge voltage (for example see figure 1 and [4] ). This effect allowed efficient control of the electron number density in the experiments [4] . It was observed that, with the electrons present in the gas, relative populations of the low vibrational levels of CO (v ≤ 15) are greater, whereas populations of the high levels are smaller, compared with their values in the 'electronfree' environment (see figure 2 ). This quite noticeable effect was qualitatively explained in terms of vibrational energy transfer by electrons from the high towards the low vibrational levels of CO. The present paper presents a detailed simulation of the process on the basis of a numerical solution of the master equation for the CO VDF coupled to the Boltzmann equation for the EEDF. Theoretical electron and ion concentration distributions in a Thomson discharge between two plane electrodes in a saturation regime [4] . External ionization occurs in a narrow region midway between the electrodes. The Gaussian curve n e = n + shows the distributions with no field applied.
The kinetic model
The explicit form of the master equation for the VDF and the Boltzmann equation for the symmetrical part of the EEDF used in the present calculations can be found in [3, 7, 8] . The kinetic model used takes into account CO vibrational excitation by resonance absorption of CO laser radiation, vibration-to-translation (V-T) relaxation in CO-Ar and in CO-CO collisions, vibration-to-vibration (V-V) exchange in CO-CO collisions and collisional nearresonance vibration-to-electronic (V-E) energy transfer
The rates of these processes were taken to be the same as in [7, 8] . The collision integral in the Boltzmann equation incorporates elastic scattering of electrons from CO molecules and Ar atoms, the inelastic processes of equation (1) for 0 ≤ v, w ≤ 40, |v −w| ≤ 10 and electronic excitation and ionization of CO and Ar. Elastic scattering cross sections, vibrational excitation cross sections σ 0→w (ε) of the process (1) for 0 ≤ w ≤ 10 and electronic excitation and ionization cross sections of CO were taken to be the same as in [2] . Cross sections for collision of electrons with Ar were taken from [9] . The vibrational cross sections for other values of v and w were evaluated by two different methods, as had previously been done in [3] .
(i) Cross section set I was obtained from the semi-empirical theory of Chen [10] , adjusted to fit the few available experimental cross sections, σ 0→w (ε) (see [1, 2, 10] for more details).
(ii) Cross section set II was obtained by simple extrapolation of available experimental cross sections to the higher vibrational levels with the energy correction
We realize that use of method [10] for the high vibrational quantum numbers, for which no experimental data are available, may well be inaccurate. For this reason we used the set II cross sections to estimate the influence of the cross section model on the results. The effect of elastic collisions of vibrationally excited molecules with electrons (v = w in equation (1)) on the total elastic scattering cross section [1, 2] was also incorporated.
Results and discussion
The results of calculations for the experimental conditions of [4] , P = 100 Torr, T = 700 K, CO:Ar = 3%:97% are presented in figures 3-6. First, the calculations were carried out in the absence of an external electric field, so that superelastic collisions with the CO molecules (1) were assumed to be the only possible source of excitation of the electrons that are produced in process (2) . These are produced with fairly low energy, ε < 1 eV. The electron concentration was found from the balance equation
where k ion is the rate constant of process (2), n CO and n e are the concentrations of CO molecules and electrons, respectively, f v is the relative population of vibrational level v and β ∼ = 10 −8 cm 3 s −1 is the rate of dissociative recombination. The vibrational distribution function f v was measured in [4] (see figure 3) . The ionization rate, k ion = (8 ± 5) × 10 −15 cm 3 s −1 inferred from measurement of the Thomson discharge current-voltage characteristics should be appropriately corrected for the CO laser beam width, which was overlooked in [4] :
In equation (5), I s = 6.6 µA is the Thomson discharge saturation current and d ∼ = 3 mm and L = 2 cm are the laser beam's effective diameter and the electrode length in the beam direction, respectively. With this correction taken into account, k ion = (2.5 ± 1.5) × 10 −14 cm 3 s −1 . From equation (4), the baseline case electron concentration was found to be n e = 2 × 10 11 cm −3 (with ionization fraction n e /n 10 −7 ). To take into account that there were substantial uncertainties in k ion and β, this number was varied in the calculations.
Note that, under these conditions, ionization and recombination processes, which were not incorporated in the collision integral, cannot significantly affect the electron energy distribution function since the frequency of the superelastic collisions is much greater than the ionization and recombination frequency: In equation (6) , σ vib 10 −15 cm 2 is the vibrational excitation cross section and v el 10 7 cm s −1 is the average electron velocity. Figure 3 shows that the calculated CO VDF, agreeing very well with the experimental data for the 'plateau' region (v > 15), substantially overestimates the populations of the lower vibrational levels. This is the result of the lineof-sight integration, which affects the collected signals for the different regions of the infrared spectrum differently, thereby perturbing the observed VDF, as was previously discussed in [11] . Note that the set of vibrational energy transfer rates used gives excellent agreement with the experimental VDFs obtained under spatially homogeneous conditions (see [11] and references therein). The EEDF, also shown in figure 3 , is Boltzmann-like up to an electron energy of about ε = 3 eV, whereupon it sharply drops. This cut-off simply reflects the fact that the kinetic model does not incorporate any molecule-to-electron (superelastic) . The EEDFs with no field applied (n e = 2 × 10 11 cm −3 and T e = 5200 K) and in the saturation limit (n e = 4 × 10 8 cm −3 and T e = 3.5 eV). CO:Ar = 3:97, P = 100 Torr and T = 700 K.
energy transfer process with an energy deficit higher than 3 eV and it may well be an artefact. For example, EEDF measurements in decaying nitrogen plasmas [12] exhibit a noticeable 'bump' as ε 5 eV, which is rather close to the energy of the long-lived metastable electronic state N 2 (A 3 + g ), ε ∼ = 6.3 eV. This effect was explained in terms of energy transfer to electrons in the superelastic process
which is consistent with the results of the Boltzmann equation kinetic modelling [3] . A similar process with participation of the metastable electronic state CO(a 3 ), ε ∼ = 5.5 eV, which has been observed in other optical pumping experiments [13] , is quite possible. Unfortunately, lack of knowledge of the kinetic rates of the V-E transfer that primarily populates the a 3 electronic state in the optical cell does not allow reliable determination of the CO(a 3 ) concentration. However, the inclusion of such more energetic processes is unlikely to change the EEDF shape below ε = 3 eV. Finally, one can see from figure 3 that the EEDFs obtained with two different sets of inelastic cross sections are very similar. The calculated steadystate first-level vibrational temperature is T v = 4100 K, whereas the electron temperature turns out to be somewhat higher, T e = 5000-5500 K, depending on the electron concentration.
The second series of calculations was performed for a voltage applied to the two plane electrodes in the cell such that the Thomson discharge current-voltage characteristic is saturated [4] . The experimental saturation voltage for the CO:Ar = 3%:97% mixture at P = 100 Torr and an inter-electrode distance D = 1 cm is U s ∼ = 480 V [4] . The corresponding reduced electric field value is E/N = 3.4×10 −16 V cm 2 . Under saturation conditions, the steady-state electron concentration in the cell is determined by the ionization rate in the process (2) and the electron removal rate by the field, the collisional electron loss being negligible [4] :
where q ion is given by equation (4) and (5) and µ e is the electron mobility, µ e 10 3 cm 2 V −1 s −1 . One can see that n e ≤ 4 × 10 8 cm −3 , which is much lower than n e in the field-free environment (see also figure 1 ).
In these calculations, it was found that the VDF is almost completely unaffected by the electrons due to their very low concentration (an ionization fraction of n e /n 10 −10 ). We may therefore consider this regime electronfree. Figures 4 and 5 present both the experimental and the calculated ratio of the relative populations of CO vibrational levels with and without electrons. One can see that the results of calculations correctly reflect the main tendency towards overpopulation of the low levels (v < 15) by the electrons and de-population of the high levels. The qualitative explanation of this effect, previously given in [4] , is that, under steady-state conditions for the vibrational levels with a 'local' vibrational temperature higher than T e ,
the process of vibrational energy transfer to the electrons is more probable than is the reverse one. Obviously, the condition (9) is satisfied for the high vibrational levels in the plateau region of the VDF (see figure 3 ; the left-hand side of equation (9) is just the reciprocal slope of the VDF). For the low levels, for which the 'local' vibrational temperature is close to the first level temperature, T vib (v) < T e , and the opposite is true, so that electrons supply energy to the vibrational mode. Figures 4 and 5 show that the observed effect is proportional to the electron concentration and that the value n e = 2 × 10 11 cm −3 gives the best agreement with experiment.
This value is consistent with the electron number density inferred from the optical pumping experiment [4] and confirms that vibrationally stimulated ionization is capable of producing rather large steadystate electron concentrations, with ionization fractions up to n e /n = 10 −7 . This number is comparable with the ionization fraction of the glow discharge. From figure 5 one can see that the vibrational population ratio at the high vibrational levels is reproduced rather poorly, the results being quite similar for both sets of cross sections used. This demonstrates that both approached to the cross section calculations at the high vibrational levels are inaccurate. Therefore incorporation of a more advanced cross section model, such as [14] , should be considered. Figure 6 compares the 'no-field' EEDF (n e = 2 × 10 11 cm −3 ) with that under saturation conditions (n e = 4 × 10 8 cm −3 ), when the electrons obtain most of their energy from the applied field.
The applied voltage results in a dramatic increase in the number of highenergy electrons (T e ∼ = 3.5 eV), so that the calculated electron impact ionization rate becomes rather high, k imp.ion ∼ = 2 × 10 −13 cm 3 s −1 . Under these conditions, the impact ionization frequency sharply rises and may become comparable with that of the vibrationally simulated ionization (2), k imp.ion nn e /q ion 0.2-0.3, despite the ionization fraction being very low. In a CO:Ar 3%:97% mixture, impact ionization resulted in a breakdown in the cell at U ∼ = U s [4] .
Summary
The interaction of highly vibrationally excited CO molecules with low-energy electrons has been studied using kinetic modelling. Comparison with experimental measurements in optically pumped CO [4] explains the observed effect of vibrational energy transfer by electrons from the high towards the low vibrational levels. The best agreement is obtained for the electron concentration in the cell n e = 2 × 10 11 cm −3 , which is consistent with the previous measurements of the vibrationally stimulated ionization rate [4] .
A reasonable agreement between the experimental data and the results of kinetic modelling calculations provides a better insight into the kinetics of energy exchange between vibrationally excited molecules and electrons. The present model might also be useful in studying CO(a 3 ) kinetics. As a matter of fact, CO(a 3 ) together with CO(X 1 , v) has been considered as a possible precursor if ionization [15] . Also, recent experiments on CO(a 3 ) formation in the optically pumped cell [13] suggest that the V-E transition CO(X 1 , v ∼ = 25) + CO → CO(a 3 , v ∼ = 0) + CO (10) may require the presence of some low-energy electrons, which presumably are incapable of direct impact excitation of the a 3 state. Therefore, it is conceivable that processes (1), (2) and (10) The experimental set-up, which had previously been used in the optical pumping experiments [4, 7] , allows one to create a strongly non-equilibrium, fully controlled environment, in which the vibrational temperature and electron concentration can be independently varied. Further time-resolved experiments using a step-scan FTIR/visible/UV spectrometer are expected to yield additional kinetic rate data, including the vibrational excitation cross sections (1) for the high vibrational levels, state-resolved rates of ionization (2) and CO(a 3 ) production data (10) .
